T he decision on whether to proceed with amputation or reconstruction of a mangled extremity is perhaps one of the most difficult for civilian trauma surgeons, as these types of injuries are seen relatively infrequently. Factors considered in the decision-making process include patient's age, physiologic condition at presentation, associated injuries, soft tissue factors, and the potential for salvaging a useful limb. 1 The Mangled Extremity Severity Score (MESS) was developed 25 years ago at Harborview Medical Center in Seattle by Johansen et al. 2 in an attempt to create a tool that accurately predicted the need for amputation. The MESS takes into consideration the degree of skeletal and soft tissue injury, limb ischemia, the presence of shock, patient's age, and ischemia time. It has been widely used since its inception despite continued questions over its prognostic accuracy. The use of this scoring system, or any other such scoring system, is further questioned given the major advances that have been made in the management of severely mangled extremities, including increased use of tourniquets in both civilian and military settings, numerous new hemostatic agents, advanced tissue transfer techniques, and novel vascular interventions.
In 2013, the AAST Multicenter Trials Committee initiated a prospective registry designed to collect data specific to vascular injuries. The PROspective Observational Vascular Injury Treatment (PROOVIT) registry includes extensive treatment and outcome data from multiple major trauma centers with the aim of informing practice and protocols to improve outcomes. 3 The purpose of our study was to use the PROOVIT database to re-evaluate the MESS on data collected prospectively in modern times. The hypothesis was that MESS would be predictive of the need for amputation.
METHODS
Patient data were collected from the AAST Multicenter PROspective Observational Vascular Injury Treatment (PROOVIT) registry. The details describing this large database have been previously described. In brief, it is a prospectively collected database of injuries to named arterial and venous structures from 14 Level I trauma centers across the country. 3 The database includes patients' demographics, mechanism of injury, concomitant injuries, and intraoperative and postoperative variables for patients entered during the index hospital stay only. The database is actively accruing data from follow-up clinic visits and readmissions, and these data were not included in this study.
Lower extremity named arterial injuries were identified between February 2013 and August 2015. Each component of the MESS was obtained prospectively during data collection using the scoring system shown in Table 1 . The MESS was calculated for each patient by adding the numerical scores of the skeletal/soft tissue injury, limb ischemia, shock, and age scores. If there were greater than 6 hours of ischemia time, the ischemia score was doubled. There were 57 patients in which one component of the MESS (skeletal/soft tissue injury, shock, or ischemia) was missing. The missing data were found to be missing at random with p = 0.59 compared to the nonmissing variable of age. The missing data were then treated using multiple imputation with 20 imputations. There was no difference in the correlation of MESS or its components before or after use of multiple imputation, suggesting that the bias imposed by the missing data is minimal. The percentage increase in standard error due to the missing values was 6.9% for MESS, 0.03% for shock, 0.02% for skeletal score, and 0.6% for ischemia score.
A MESS of 8 was chosen based on a prior study from the original creators of the scoring system, who suggested in their 2016 publication that a threshold of 8 was more appropriate in a modern setting. 4 A receiver operating characteristic (ROC) analysis was performed, which demonstrated that a MESS of 5 was a better balance of sensitivity and specificity than a MESS of 8. The ROC curves can be found in Figure 1 .
Statistical analysis was performed using SAS version 9.4 (SAS Institute Inc, Cary, NC, USA). Univariable logistic regression was used to look at the correlation of the MESS, as well as each MESS component, with the risk of amputation. Odds ratios comparing amputation versus limb salvage were generated. Age, sex, injury mechanism (blunt, penetrating, or mixed blunt and penetrating), injury type (transection, flow-limiting lesion, occlusion, pseudoaneurysm, or other), arterial injury location (femoral, popliteal, below-popliteal arteries, or multilevel injury), use of shunting, prehospital tourniquet use, fasciotomy performed at any time during the admission, injury severity score (ISS), and concomitant vein, nerve, or orthopedic injury were assessed for confounding. Of note, the database did not distinguish the severity of vein, nerve, or orthopedic injury; it reports a binary value of injured or not injured. Independent predictors of amputation were identified by univariable logistic regression. Significant variables (p ≤ 0.1) were injury mechanism, the presence of a transection, arterial injury location, ISS, concomitant nerve, or orthopedic injury. A multivariable logistic regression with these confounders was performed of the MESS, and separately of the MESS components, with the binary outcome of amputation compared to limb salvage. These were performed separately due to the confounding nature of including both MESS and its components in the same model. The Hosmer-Lemeshow was nonsignificant with p = 0.29. The probability of amputation was modeled using univariable logistic regression to predict amputations with a MESS cutoff of 5 and 8. Finally, demographics of patients with the MESS cutoff of 8 were compared using Wilcoxon rank-sum test and Fisher exact test. A p < 0.05 was considered statistically significant.
RESULTS
Between February 2013 and August 2015, 230 patients with lower extremity arterial injuries were entered into the PROOVIT registry. The cohort consisted predominantly of men (87.8%) with an average age of 34 ± 15.3 years (range, 4-92 years). The mechanism of injury was reported as blunt in 109 patients (47.4%), penetrating in 114 patients (49.6%), and mixed blunt and penetrating in the remainder ( Table 2 ). Isolated femoral injuries were found in 102 patients (44.3%) and isolated popliteal injuries in 60 patients (26.1%). Sixty-three injuries to arteries distal to the popliteal artery were identified (27.4%), and five injuries were to both the above-and below-knee arterial beds. The injury to the artery was most often a transection, present in 45.7% of patients. There were 50 concomitant venous injuries (21.7%). Ninety-four percent of these venous injuries were repaired at the time of initial operation and the remainder ligated. There were 94 concomitant orthopedic injuries (40.9%) and 33 nerve injuries (14.4%).
Twenty-two patients had a prehospital tourniquet applied (9.6%). Ninety-four (40.9%) fasciotomies were performed during the index hospitalization, including 40 prophylactic fasciotomies at the initial procedure, 48 therapeutic fasciotomies at the initial procedure, and 5 delayed fasciotomies (one was not categorized). A temporary shunt was used for damage control in 17 patients (7.4%).
We modeled the probability of amputations based on MESS and determined that MESS greater than or equal to 8 was predictive of in-hospital amputation in only 43.2% of patients. Receiver operating characteristic analysis (Fig. 1) showed the best balance of sensitivity and specificity was a MESS of 5 (AUROC, 0.70 [95% CI, 0.62-0.77]) compared to a MESS of 8 (AUROC, 0.60 [95% CI, 0.54-0.67]; p = 0.02). However, a MESS of 5 was only predictive of amputation in 20.2% of cases. Based on prior studies and this increase in ability to predict amputation, a MESS of 8 was chosen for further analysis. Sixteen patients had a MESS of greater than or equal to 8 (7.0%). The median MESS was 4 (25th percentile (Q1), 3; 75th percentile (Q3), 6). The median skeletal injury component score was 2 (1, 3), the median ischemia score was 2 (1, 2), the median shock score was 0 (0, 1), and the median age score was 1 (0, 1). Patients with a MESS of 8 or greater were on average older (48.3 years old vs 32.8, p < 0.0003), and were more likely to have sustained a blunt injury (81.3% vs 44.9%, p = 0.004). Patients with a MESS of 8 or greater had a higher median ISS (21 vs 10.5, p = 0.0003), although they had no difference in mean abbreviated injury score of the extremity, admission systolic blood pressure, or GCS (Table 2 ). There were more concomitant nerve (68.8% vs 10.3%, p < 0.001) and orthopedic injuries (68.8% vs 38.8%, p = 0.02) when MESS was greater than or equal to 8. There was no difference in concomitant venous injuries between the groups ( (Table 3) . After adjustment, concomitant nerve injury was the only factor that remained an independent predictor of amputation (odds ratio, 6.9 [95% CI, 2.3-21.2]; p = 0.001). A MESS of 8 or greater was associated with a longer stay in the hospital (median, 22.5 (15, 29) vs 12 (6, 21); p = 0.006) and intensive care unit (6 (2, 13) vs 3 (1, 6), p = 0.03). There was a higher percentage of both primary traumatic amputations performed for damage control (50.0% vs 6.1%, p < 0.001) and overall amputations (62.5% vs 15.4%, p < 0.001) in the group of patients with a MESS of 8 or greater. There was no statistically significant difference in the number of re-interventions or in death between the groups (Table 4) .
DISCUSSION
The original MESS was developed in 1990 by a retrospective review of 25 consecutive patients with lower extremity injuries. 2 The same authors subsequently applied the scoring system to a group of 26 comparable patients studied prospectively. In the original study, the MESS for salvaged limbs ranged from 3 to 6, whereas the MESS for the amputated limbs ranged from 7 to 12. These authors concluded that in their hands, a MESS of 7 or greater predicted amputation with 100% accuracy. Subsequent authors were unable to obtain this degree of accuracy and developed alternative scoring systems. These systems include the Limb Salvage Index; the Predictive Salvage Index; the Nerve Injury, Ischemia, Soft-tissue Injury, Skeletal Injury, Shock and Age of Patient Score (NISSA); and the Hannover Fracture Scale.
1 Each contains various elements of patients' characteristics at presentation (e.g., age, presence of shock), structural injury (e.g., concomitant bone, muscle, skin, nerve, vascular, injury, degree of contamination), and treatment factors (e.g., warm ischemia time, time to treatment). [5] [6] [7] [8] These five scoring systems were prospectively evaluated in 2001 by Bosse et al. 9 as part of the Lower Extremity Assessment Project (LEAP) study group. A total of 556 high-energy injuries were evaluated including ischemic limbs, type III-A, III-B, and III-C tibial fractures, severe distal tibial fractures (open pilon fractures or type III-B ankle fractures), hindfoot fractures, and isolated soft tissue injuries of the lower extremities. This extensive analysis could not validate the clinical use of any of these scoring systems. The scores did have high specificity in predicting limb-salvage potential but had a low sensitivity in predicting the need for amputation. A subsequent study by the LEAP group showed that none of these scoring systems were predictive of functional recovery in patients who underwent successful limb reconstruction. 10 Recent re-evaluations of the MESS have continued to question its validity. Menakuru et al. 11 found that of 148 patients, a MESS greater than 7 had a sensitivity of only 44% and a specificity of 70% in predicting amputation. Recent systematic reviews further confirm the unreliability of the MESS. Fodor et al. 12 concluded that MESS correctly identified the need for amputation in only 25% of cases, whereas Schiro et al. 13 found the range of reported accuracy of a MESS greater than 7 to be anywhere between zero percent and 93.4% in the literature. The MESS has also been evaluated in combat-related injuries. Sheean et al. 14 reported on 155 patients treated for type III open tibia fractures in US military service personnel, involving primarily blast injuries. One hundred ten had successful limb salvage, and 45 underwent primary amputation. The mean MESS values for amputees was 5.8 and for those that were salvaged was 5.3 (p = 0.057). The sensitivity and specificity of a MESS of 7 or greater in predicting the need for amputation in the combat setting were 35% and 87.8%, respectively (positive predictive value of 50%). These military surgeons concluded that the MESS was not useful in battlefield-related injuries. Additional studies on In another contemporary analysis of the mangled lower extremity, de Mestral et al. 16 retrospectively examined a cohort of patients entered into the National Trauma Databank between 2007 and 2009. A total of 1354 patients were identified, with a 21% amputation rate. These authors found that the presence of a severe head injury, shock in the emergency department, and a high-energy mechanism of injury were associated with early amputation. Unfortunately, the National Trauma Databank does not contain sufficient data to accurately calculate the MESS score, which is why the PROOVIT database project is so important. A recent study from Austria looked at early failed attempts at salvage in open lower limb fractures demonstrating that in addition to MESS, other important predictors of secondary amputations included complex fractures, severe soft tissue damage, and the need for fasciotomy. 17 In 60% of these patients, failed limb salvage resulted from infectious complications and 40% from a failed vascular reconstruction.
In 2015, Aarabi et al. from Seattle presented their data on the use of MESS 25 years after its creation. In their series of 48 patients with mangled extremities complicated by acute arterial insufficiency, 81% were salvaged (MESS mean of 4.8) and 19% required amputation (MESS mean of 9.1). 4 In their series, the 77% of those who went on to secondary amputation had a popliteal artery injury. These authors also reported that MESS independently predicted the cost and length of hospitalization; on average, for every 1-point increase in MESS, the hospital cost increased by almost $6000.
Our study found blunt injuries, vessel transection, popliteal injuries, and concomitant nerve and orthopedic injuries were associated with the need for amputation, and were more predictive than an isolated MESS score. Although patients who underwent limb salvage had a lower MESS score on average, this was not significant after adjustment for confounders. Mangled Extremity Severity Score was a very poor predictor of amputation in this cohort, predicting only 43.2% of amputations.
This analysis includes 10 patients who died without receiving an amputation. The PROOVIT database does not distinguish if the limb was viable when the patient died, but these are included in the limb salvage category, representing a potential confounding variable. Mangled limbs without arterial injuries are not included in the PROOVIT database. In addition, although these data were prospectively obtained, incomplete or inaccurate data entry is an inherent flaw across all database studies. In this study, patients with missing MESS components were included as missing, meaning that some patients could have a falsely low total MESS. This was evaluated by correcting the missing values using multiple imputation, and no difference was found in the analysis. The increase in standard error was minimal for the missing component analysis and 6.9% for overall MESS. The missing data were also found to be missing at random compared to nonmissing variables; and thus, we conclude that although bias may be present, it is minimal for this study. Furthermore, this study reflects modern practice only among major Level I academic institutions across the country. Practice patterns of the larger enrolling centers may have dictated some of the trends observed.
While our data are robust, prospectively collected, and this series is relatively large, we do acknowledge that future investigations will need to examine the long-term outcomes of the patients with salvaged limbs. Late amputations (performed after the first hospitalization) may be required for limb dysfunction, persistent infections/open wounds, or in patients with chronic pain, as these problems can contribute to significant physical, psychological, financial, and social distress for these patients. 18 As the LEAP study group has demonstrated, in selected patients, the long-term quality of life may be the same in those with amputations and successful prosthetics, as it is in patients with limb salvage. 19 Prehospital use of a tourniquet, damage control, balanced resuscitation, use of vascular shunts to reduce ischemia time, early fasciotomy, aggressive wound care, microsurgical abilities, and advanced tissue coverage techniques have all contributed to our increased ability to care for patients with mangled extremities. At this juncture, we advocate for the use of a team approach to decision making regarding limb salvage rather than the use of a score. Experienced surgeons from vascular, trauma, orthopedic, and plastic surgical disciplines evaluating the patient at the bedside and the patient's limb collaboratively ultimately contributes to the best outcome for the patient and for the extremity. Additionally, continued re-evaluation in the hospital and after discharge with long-term functional outcome data is needed to inform practice decisions and to assure the best quality of life for individual patients with limb-threatening mangled extremities.
